Abstract
composed of 0.1M sodium dihydrogen phosphate and disodium hydrogen phosphate. All 2 solutions were prepared using deionized water (produced from Milli-Q Gradient A10 made 3 by Millipore). 5 The main immobilization procedure has been described in detail elsewhere [28] . The woolen 6 cloth was cut into circular pieces with a diameter of 250 mm, weighing 16 g. First, the 
Immobilization of lipase on woolen cloth

Tributyrin hydrolysis in the SCDR
All experiments were repeated at least three times and results are presented as the average ± 23 one standard deviation. Conversion (%) = moles of free butyric acids ×100
(
1) moles of original esters in tributyrin
To ensure the accuracy of the pH stat, conversion of tributyrin was also verified using 24 samples collected throughout the course of the reaction that were analyzed by gas 8 summary: the pH stat and GC results were in good agreement, demonstrating that the kinetic 100 to the desired volume of phosphate buffer (0.1 M, pH 7) with a final concentration of 33 6 mM and 3.5 g L -1 , respectively. The mixture was then emulsified with a motor homogenizer
7
(IKA T25 digital, Japan) at 12,000 rpm for 5 min. To start up the reactor, the disc with 8 immobilized lipase woolen cloth was firstly connected to the driving motor and spun to the 9 desired rotational speed. After that, the reaction was initiated by starting the pump so that the 10 tributyrin emulsion was fed to the center of the spinning disc and the system was left to run 11 for 4 h. Reaction data was continuously collected by the pH stat system. The effect of flow rate, spinning speed and surface shear on reaction rate and loss of enzyme from the reactor 13 was studied. The surface shear on the spinning disc increased with the increase of radial 14 distance and reached the maximum value on the disc edge. The surface shear was calculated
15
with the following equation [30] : Using the equation for the distribution of surface shear on the disc, the average surface shear 20 can be calculated as:
In this study, the average surface shear was used to characterize the performance of SCDR.
the activity of the same cloth in tributryin hydrolysis over a number of cycles, with a reaction with a fresh solution. Three different cloths were evaluated in order to determine the 10 repeatability; the original activity of the first batch was taken to be 100%. The leakage (i.e.
11
detachment of enzyme from the cloth) of immobilized enzyme was also studied in terms of the average surface shear. In these experiments, the amount of enzyme lost from the woolen 
Tributyrin hydrolysis in the BSTR
Eq. (5) can be integrated to give a relationship of x (conversion) versus t:
Application of a non-linear regression shows that v max and K m cannot be determined at the 14 same time, hence v max /K m was estimated as one parameter and used to denote the hydrolyzing 15 efficiency of the enzyme. In order to derive this parameter, experiments were performed at 16 various initial tributyrin concentrations (33, 66, 99, 132 mM) and the continuous data over the entire reaction period from the pH stat was collected to determine the constants in Eq. (6) with the curve fitting tool in MATLAB. reside on the spinning disc, unlike the free enzymes -they have a discrete residence time on 21 the spinning disk. Both of these points will therefore be explored further in this paper -interfacial surface area below and residence time in Section 3.2.
23
In terms of enhancing and maintain interfacial area for reaction, the fact that there is a lower 24 reaction rate in the BSTR in the second part of the reaction compared to the SCDR ( between the reactants on the disc [33] . In this study, these two parameters were adjusted by 4 changing the feed flow rate and disc speed and their effect on tributyrin emulsion hydrolysis 5 was investigated.
6
As can be seen from Fig. 4 , the conversion increased approximately 7% on average as the 7 flow rate increased from 2 to 5 mL s -1 . A higher flow rate increases the contact frequency (i.e. factors would all contribute to increased conversion.
22
For a flow rate of 5 mL s -1 , as the disc speed increased from 250 to 400 rpm, the conversion increased from 67.7% to 72.1%. This is likely due to enhanced mixing and reduction in mass transfer resistances around the immobilized enzymes on top of and within the woolen cloth.
1
providing greater reactant contact with the immobilized enzymes. However, the conversion decreased to 69.2% with a further increase of disc speed to 500 rpm. This most likely can be 3 attributed to two factors:
Residence time distribution on the spinning cloth disc has been studied with a pulse injection 6 technique and it was found that the residence time decreased with an increase in disc speed.
7
This data will not be presented here due to space restrictions, but will be presented in full in a 8 future publication.
9
(2) The average shear rate increased from 10,200 s -1 to 13,800 s -1 with a rise in disc spinning speed from 400 to 500 rpm for a flow rate of 5 mL s -1 (see Supplementary Material C).
11
Therefore it is possible that the higher shear force would either deactivate the enzymes or cause enzyme detachment from the cloth. This will be further investigated in Section 3.3.
13
The fact that higher spinning speed is detrimental to the reaction is a significantly different 14 phenomena compared to many other systems and reactions in more conventional SDRs,
15
where the general trend is that a higher spinning speed produces an increase in either reaction 16 rate or optimization of the desired product. For example, when spinning disc technology was used to synthesize nanoparticles, a disc speed of 1000 to 4000 rpm was used to increase 18 localized mixing, turbulence and shear to obtain smaller nanoparticle sizes [21, 22, 34, 35] .
19
The one comparable application is the photocatalytic degradation of methylene blue in SDR
20
[27], where the optimum feed flow rate and spinning speed were determined to be 15 mL s As discussed above, the high surface shear produced by the SCDR can lead to an enhanced 6 reaction rate, but also increase the detachment of the enzyme from the spinning cloth support.
7
Therefore, the leakage of immobilized enzyme was studied in terms of the average surface Therefore, in view of the stability of immobilized enzymes, the SCDR should be operated 10 below an average surface shear of 9,500 s -1 . This value is a bit lower than the previously determined optimal spinning speed of 400 rpm for a flow rate of 5 mL s -1 (around 10,300 s -1 ).
This may be due to a slight difference in fluid interactions in the absence of tributyrin and 13 reaction in these experiments. However, in order to preserve a margin of safety, a lower 14 spinning speed of 350 rpm was employed in all further experiments. This also indicates that 15 to further improve the SCDR, especially at higher shear rates, further work on improving the 16 stability of immobilized lipase could to be done either by looking at other support materials or some surface modification to more strongly bind the lipase to the wool.
19
Stability and reusability of wool immobilized lipase in the SCDR
20
As shown in Fig. 6 , the immobilized lipase exhibited good reusability over many cycles,
21
maintaining around 80% activity after being used 15 consecutive times in SCDR. This illustrates that this system, and the SCDR in particular, produces not only an intensified 23 reaction, but is stable over multiple cycles, indicating that it is a very promising candidate as 
9
To further clarify the relative importance of these factors in the relationship between leakage 10 of enzyme and activity loss, the enzyme leakage in a further 15 continuous runs was studied.
11
As can be seen from Therefore, the leakage results in Fig. 6 can be interpreted as follows: in the first three runs, the loss of enzyme from the support declined fast. This is most likely due to the loss of those 20 enzymes that were not covalently attached to the woolen cloth support, either by incomplete 21 reaction with the PEI, incomplete crosslinking by GA and those that were only absorbed on the surfaces of the woolen cloth. After 3 runs, the enzyme leakage became relatively stable
23
(from 4 to 7 runs) and then decreased again, and after 15 runs, the leakage of enzyme was 1.9 24 mg (36.5% of the first run), very small considering the total enzyme immobilized on woolen 1 15 consecutive runs with phosphate buffer, the remaining activity of the cloth was evaluated 2 to be 90.5%. The activity loss for this system cannot be due to reactant/reaction 3 intermediate/reaction based inhibition/deactiviation, therefore since the total enzyme leakage 4 of 53.6 mg is equivalent to 7.2% of the total activity and the total activity loss was 9.5%, the 5 activity loss by shear force deactivation was therefore the difference -only 2.3%. This means 6 that enzyme leakage is the major cause of enzyme deactivation in the absence of reaction. But 7 with a further increase in shear force, the deactivation by the shear force may be expected to 8 further increase. This result substantiates the hypothesis in Section 3.2 that the reduction in 9 conversion can be partially attributed to the activity loss by high shear forces.
When considering the 15 consecutive runs in the tributyrin reacting system, since the total 11 activity loss after 15 reactions was 20.3% and enzyme leakage was 7.2%, deactivation by shear force was 2.3%, the remaining 10.8% activity loss can be attributed to deactivation of This indicates that the woolen cloth is an effective support and lipase immobilized system for use in the SCDR, since it protects a majority of the enzymes from shear. This is in agreement
20
with the results in Fig. 2(a-e) , where it shows that the immobilized enzymes retain a higher activity than the free enzymes.
1
In order to apply the SCDR at an industrial scale, the reaction profile and kinetics need to be 2 quantified. Fig. 7a shows the conversion of tributyrin with time in the SCDR at various initial 3 tributyrin concentrations. The effect of increasing the substrate concentration is clear: the 4 conversion decreased from 72% to 49% as the substrate concentration increased from 33 to 5 132 mM. In addition, as also observed in Section 3.1 (and Figure 2) , the tributyrin hydrolysis 6 has two reaction stages for all of the different concentrations used. This is most clearly seen 7 in terms of reaction progress rate versus concentration (Fig. 7b) . Firstly, the reaction rate was 
23
The time course data of tributyrin conversion was fitted to Eq. (6) derived from a Ping Pong 1 results were found to be consistent with the proposed model, and the regression coefficient this system, the reaction in the water phase was assumed to be negligible and so not taken 21 into account. Therefore separate aqueous phase kinetics was not needed and so not derived. occurred at 400 rpm, indicating that a relatively low disc speed is more favorable when the
Evaluating more industrially relevant feedstocks: application of the SCDR to vegetable
16
SCDR is applied to enzyme reactions. This is because the loss of enzyme from the spinning woolen support was observed to increase as the surface shear increased, and this phenomenon was more evident after the surface shear reached around 9,500 s -1 . This is considered to be the 'critical shear' below which this SCDR should be operated. The immobilized lipase on 
